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Soft piezoelectric nanocomposites have attracted significant interest due to their 
flexibility and stretchability which are beneficial for a variety of applications. 
However, there is no soft and transparent piezoelectric material with good 
piezoelectric performance 
The transparency of piezoelectric nanocomposite would be beneficial for the 
applications that need both good transmission of light and energy 
harvesting/sensing capability. To address this issue, a facile method to fabricate 
high performance soft piezoelectric nanocomposites with enhanced light 
transmission is developed by incorporating silver nanowires as conductive fillers.  
During the fabrication process, ethanol was used to help the mixing of the 
composites and continuous magnetic stirring was applied during ethanol 
evaporation for good blending of the composite. After curing the mixture, the 
piezoelectric coefficient (d33) was measured to evaluate the piezoelectric 
performance by measuring the electric output as a function of a mechanical loading. 
The data analysis showed that the silver nanowire incorporated piezoelectric 
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composite has a higher d33 coefficient (d33~100 pC/N at its peak) than that of the 
commercially available PVDF (d33: 30~40 pC/N). 
We envision that the methods we developed and the findings from the study will 
contribute to applications of piezoelectric composites for a wider range of 
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1.1 Piezoelectric composites 
1.1.1 Piezoelectric effect 
 
The word Piezoelectricity is originated from Greek and means “electricity from 
pressure”. Electric charges will appear when certain material (such as crystals and 
certain ceramics) is subjected to mechanical stress from different directions.[1] The 
piezoelectric effect is also a reversible process as shown in Fig 1.1. The material which 
exhibits the piezoelectric effect can generate certain mechanical strain resulting from 




Fig 1.1 Schematic representation of different piezoelectric effects; reproduced with permission 
from [7] © 2015 Royal Society of Chemistry  
For example, a crystal can generate piezoelectricity when its structure is under 
mechanical deformation. In converse, the crystal can generate deformation due to an 
applied electric field.[2][3] The application of the piezoelectric effect has been 
introduced since early 20th century for military purpose such as low-frequency 
ambient vibration detector, which is made of piezoelectric ceramic, equipped on the 
submarines for scavenging signals.[36] The development of piezoelectricity and 
piezoelectric effect have come through a long way that is widely used in our everyday 





1.1.2 Piezoelectric materials 
 
There is a wide range of piezoelectric materials either natural or synthetic. The 
materials that were first demonstrated the piezoelectric effect by Curie Brothers 
include quartz, topaz and tourmaline. These are natural materials that can generate 
charges under deformation.[1] Another well-known class of a piezoelectric material is 
a synthetic piezoelectric ceramic such as Barium titanate (BaTiO3) and Lead 
zirconate titanate (PZT). The most common applications for the piezoelectric ceramics 
are to make ultrasonic transducers and piezoelectric resonators.[4] Another majority 
category of piezoelectric materials is piezoelectric polymers. Among all these 
polymers, there are three types of polymers as shown in Fig 1.2 that classified as bulk 
polymers, voided charged polymers and polymer composites.[5] Although the polymers 
cannot generate as much piezoelectric output as ceramics, they still hold the 





Fig 1.2 Classification of piezoelectric polymers; reproduced with permission from [7] © 2015 Royal 
Society of Chemistry 
 
1.1.3 Piezoelectric polymers and composites 
 
With the natural limitation of brittleness of piezoelectric ceramics, piezoelectric 
polymers such as PVDF, P (VDF-TrFE), poly propylene (PP) have been extensively 
explored for many applications since the 1950s. The piezoelectricity of these polymers 
is defined by their crystallinity. Polyvinylidenefloride (PVDF) is a special polymer 
which has many crystalline forms in which β-phase creates a high piezoelectric 
effect.[7] Moreover, the piezoelectric effect can be detected in this group of composites 
by integrating piezoelectric ceramic particles into a polymer matrix. The matrix, in 
fact, does not have to be piezo-active to be an effective material.[8] The mechanical 
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property of polymer enables such composites to be flexible and wearable that 
traditional piezoelectric materials won’t be able to accomplish.[9] The prevailing 
components of piezoelectric composites are categorized into three elements, which are 
matrix, piezoelectric filler and conductive additive. Polydimethylsiloxane (PDMS) is 
the most commonly used silicone rubber matrix material due to its low acoustic 
impedance, great chemical stability and low Young's modulus that can be easily 
prepared with readily accessible laboratory techniques.[10] Piezoelectric ceramic 
particles such as BaTiO3, PZT, PMN-PT, ZnO which are of micro and nano 
dimensions are employed in polymer nanocomposites as piezoelectric filler 
candidates.[7] When it comes to nanocomposite, “nano” always refers to the scale of 
both piezoelectric particles and conductive filler. Fig 1.3 shows an example of BaTiO3 
based nanogenerator. The conductive additives serve as the conductor to provide 
better energy transitivity generated by the piezoelectric particles. Carbon nanotubes 




Fig 1.3 Flexible nanocomposite-based generator made of BaTiO3 NPs and graphitic carbons. a. 
Schematic illustration showing the fabrication process of an NCG device by simple, low-cost, and 
scalable spin-casting. b. A cross-sectional SEM image of an NCG device. c. The magnified photograph 
of piezoelectric nanocomposite. d. The fabricated NCG device composed of p-NC and electrode-coated 
plastic substrates. e Schematics showing power generation mechanism of the NCG device. f Simulation 
model of an NCG device consisted of six BaTiO3 NPs inside PDMS matrix and the calculated 
piezoelectric potential inside the p-NC method; reproduced with permission from [18] © 2016 Springer 
 
1.1.4 Fabrication of piezoelectric composites 
 
When it comes to the fabrication methods of piezoelectric composites, there are 
many that researchers have explored and validated such as thin-film material 
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deposition [11] and as simple as blending [7]. Piezocomposites can be made by blending 
piezoelectric ceramic particles and polymers as shown in Fig 1.4, but the connectivity 
patterns of these constituents control the electric flux pattern as well as the 
mechanical properties.[12] Such methods of fabricating piezoelectric composites are 
low-cost and easy to prepare in most research laboratories. In this essay, a similar 
methodology of fabricating translucent soft piezoelectric nanocomposites is 
illustrated with the focus of high piezoelectric output. 
 
Fig 1.4 BaTiO3 nanoparticles with MW-CNT NCG (a) Schematic illustration of the process for 
fabricating NCG device. (b) A cross-sectional SEM image of an NCG device. (c) A magnified cross-
sectional SEM photograph of the p-NC. (d) A SEM image of the BaTiO3 NPs synthesized by 
hydrothermal method. The inset shows a Raman spectrum obtained from and BaTiO3 NPs. (e) The 
MW-CNTs have a diameter of 20 nm and a length of 2 μm. The inset shows a typical Raman shift of 
the MW-CNTs with large D bands. (f) Photograph of the p-NC stretched by tweezers. The inset shows 
the NCG device (3 cm x 4 cm) bent by fingers. (g) A large-area type NCG device (13 cm x 13 cm) 
fabricated by spin-casting or Mylar bar-coating.; reproduced with permission from [19] © 2012 




1.1.5 Performance of piezoelectric composites 
 
Because the matrix of piezoelectric composite is made of viscoelastic materials, 
both elastic and viscous characteristics of the matrix would contribute to the 
piezoelectric response.  Recent studies show a strong correlation between the 
piezoelectric output and the matrix polymer.[13] As shown in Fig 1.5, the hyper-
stretchable nanocomposite generator utilizes its polymer matrix to maximize the 
piezoelectric output. With the study of solid mechanics, piezoelectric coefficient (dij) 
is used to quantify the direct piezoelectric effect, and it is expressed as dij = Di/σj (Di 
is the electric displacement and σj is the applied stress).[14] The subscripts “i” and “j” 
indicate the directions of the induced electrical field and the mechanical loading, 
respectively. For example, as shown in Fig 1.5, d33 is for the situation when the 
electric field and the mechanical loading are both along the polarization axis (“3” 
direction).[13] 
 




1.2 Introduction of silver nanowires 
 
Metallic nanostructures have drawn vast attention in applications such as 
nanoelectronics and transparent conductors.[15] In particular, one-dimensional metal 
nanowires are capable of providing devices and materials with novel functionality.[16] 
Unlike other nanostructures such as ZnO nanowires and Carbon Nanotube, silver 
nanowire possesses very high flexibility and conductivity at the same time. They are 
widely used for transparent transducers and transistors, as shown in Fig 1.6 and Fig 
1.7 for their high carrier mobilities, the prospect of processing at low temperatures 
compatible with plastic substrates, as well as their optical transparency and 
mechanical flexibility.[17]  
 
Fig 1.6 SEM image of the PVP-capped Ag nanowires in large quantity; reproduced with permission 






Fig 1.7 A representative SEM image of the sections of thus-obtained Ag nanowires: reproduced with 
permission from [21] © 2004 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
 
 
1.3 Incorporation of silver nanowires with polymer 
composites 
 
The incorporation of silver nanowires with polymer composites has been studied 
by many researchers for flexible electronics applications such as nanogenerators. An 
example of embedding silver nanowire with polymers is shown in Fig 1.8. Due to its 
outstanding conductivity and flexibility, silver nanowires are often implemented as a 
mesh network. The mechanical power-generating device called triboelectric 





Fig 1.8 Polymer embedding process applied to the AgNWs films. a) Schematic diagram illustrating the 
polymer embedding process applied to the AgNWs films in this study. b) Optical images of flexible 
AgNWs embedded in SU8 mounted on a plastic substrate (PET), or stretchable AgNWs embedded in 
PDMS. c) SEM images (upper) and AFM topography images (lower) of AgNWs films based on as-coated 
AgNWs networks on glass or AgNWs embedded in films, for comparison. d) Areal fractions of AgNWs 
exposed to the surface, optical transmittances, and sheet resistances of the AgNWs films. The inset 
shows SEM images of AgNWs films (with four different sheet resistances) embedded in SU8. e) RMS 
roughness of the AgNWs films embedded in SU8. The inset shows the AFM topography images 
obtained from all samples.; reproduced with permission from [22] © 2016 WILEY‐VCH Verlag GmbH 
& Co. KGaA, Weinheim 
The stretchability of sliver nanowires contributes significantly to the mechanically 
induced electricity output of the composites, which out-races other composites filler 
candidate such as Carbon nanotube. Detailed comparison in each category with other 
materials are listed in Table 1. The “+” sign means above average properties and “―” 







Table 1. Comparison of properties of several conductive nano electrodes; reproduced with permission 
from [23] © 2019 MDPI  
 
Compared with common piezoelectric composites with Carbon nanotubes (CNT) 
filler, silver nanowires (Ag NWs) combined with Ag Nano Network have unbeatable 
advantages over CNT.[19] One key point is the property of transparency.[23] In this 
essay, the thin film silver nanowire blended piezoelectric composites will be 
fabricated and investigated based on its performance. 
 
1.4 Transparency of piezoelectric composites 
 
Not only do portable electronics create a huge demand of display technologies, but 
the need for medical diagnosis also draws great attention for the application of 
transparent sensors. The advantage of actively transferring mechanical deformation 
to electric output can be brought into many applications such as pneumonia diagnosis. 
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To achieve detectable electric output, the piezoelectric generator must reach certain 
level density. As a result, here comes the tradeoff between the transparency and the 
piezoelectric output. The transparency can provide the user with identifiable features 
during the procedure that will help improve the outcome of the diagnosis. While on 
the other hand, the good piezoelectric output is the key factor that the signal 
generated by the mechanical deformation can be accurately detected. The ideal 
piezoelectric material must be with the functionality of perform both transparency as 
well as high piezoelectricity output. In this essay, one method of fabricating 




To investigate into applications of piezoelectric nanocomposites, the mechanism 
that is being utilized needs to be fully understood. The piezoelectric capability allows 
the composite to generate electric charge while subject to mechanical deformation 
and vice versa. Based on this fact, signals and data can be collected by piezoelectric 
composites and actuators can be deployed with all kinds of configurations and 
structures. Many applications in either robotics or diagnosis have been explored by 
researchers as summarized in following sections. 
1.5.1 Robotics 
 
In recent studies, various kinds of small actuators are developed in the field of 
robot technology in applications of search-and-rescue and environmental monitoring. 
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The advantages of piezoelectric materials such as precision control and minimal 
energy consumption are ideal features that meet the need of miniature robots.[30] 
Ideal actuators would have larg e force or torque, long strokes at reasonable speed 
and high responsibility with precise positioning. Piezoelectric actuators almost 
satisfy all of these requirements.[31] The study of piezoelectric benders, which adopt 
soft piezoelectric materials, is gaining its attraction through recent years. 
A prototype miniature resonant ambulatory robot (Fig 1.10) that uses piezoelectric 
actuators to achieve locomotion has been designed and fabricated. Each leg is 
comprised of two piezoelectric bimorph benders, joined at the tip by a flexure and end 
effector.[32] 
  
MinRAR V1 prototype robot                                    Leg configuration 
Fig 1.9&1.10 MinRAR V1 prototype robot and leg configuration; reproduced with permission from 
[32] © 2016 IEEE 
Another state-of-art design of microrobotic locomotion system is also reported in 
recent literatures as shown in Fig 1.12 and Fig 1.13 using a piezoelectric thin-film to 
achieve multi degree of freedom actuation. In this paper, thin-film lead zirconate 
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titanate (PZT) array is used as the piezoelectric force generator for the in-plane and 
out-of-plane motion of the microrobot.[33] 
 
Fig 1.11 Fully released m-DoF leg; reproduced with permission from [33] © 2012 IEEE 
 




According the Table 2, the piezoelectric device outperforms other types of devices 
on speed, degree of freedom, maximum angle and power consumption in the field of 
microrobotic device. Although the subject in the table is piezoceramics which is not 
the same as piezoelectric composites, it still shows some advantages of piezo 
capability. 
Table 2. Comparison of different types of actuation mechanisms of microrobotic devices; reproduced 
with permission from [33] © 2012 IEEE 
 
 
1.5.2 Monitoring and diagnosis 
 
Another significant contribution of piezoelectric soft composites make is the field 
of health monitoring and diagnosis. Regarding its property of ultra-sensitive to 
mechanical deformation, physical signals can be transmitted and harvested as 
electrical signals by the piezoelectric composites. 
In recently published literature, the same output signal can be recorded as a 
physiological signal containing information about breathing, thus enabling 
piezoelectric self-powered wearable biosensors/harvesters. The empirical data 
obtained from testing different modules can provide evidence that such piezoelectric 
composite is applicable for detecting respiratory effort. Fig 13. shows a sample output 
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voltage (a), and power (b) of the sensor/harvester during normal breathing. The 
maximum peak voltage and maximum power are about 0.5 V, and 3 mW, 
respectively.[34] 
 
Fig 1.13 Output voltage, and power of the harvester resulted from the movements of the chest; 
reproduced with permission from [34] © 2013 IEEE 
 
1.6 Outline of the essay 
 
The structure of this essay is arranged as follows: 
Chapter 2 will introduce the system setup and the fabrication process of the 
translucent silver nanowires piezoelectric nanocomposites. 
Chapter 3 will lay out the testing method and results and analysis of piezoelectric 
nanocomposites. 















2.1 Fabrication preparation 
 
2.1.1 Experiment design and materials 
 
The method of the fabricating the piezoelectric composite is homogenously mixing 
each component with designated chemicals. To accommodate the need of evenly 
mixed composite, BaTiO3 particles and the silver nanowires must be fully dispersed 
and blended with uncured PDMS base. Uncured composite mixture must be 
maintained a smooth and continuous stirring process instead of using a shaker. To 
achieve the goal, we adopted and modified the method from a previous study on 
fabricating piezoresistive composites.[24] The mixing ratio of BaTiO3 particles, PDMS 
and silver nanowires is determined by the percolation threshold of silver nanowire 
network which will be discussed and analyzed in the results and discussion section. 
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Certain standard laboratory equipment is employed such as beakers, weighing 
trays, balance, pipette dropper, magnetic stirring bars and petri dishes. The most 
important equipment during the experiment is a stirring hotplate (Cimarec+TM) 
which provides continuous stirring and heating during evaporation. 
Material wise, the commercial silver nanowire (Sigma-Aldrich, diam. × L 120-150 
nm × 20-50 μm, 0.5% (isopropyl alcohol suspension)) is used to provide pure and 
robust network and consistent nanowire length since lab synthesized silver 
nanowires prone to vary from nanoparticles to small segments. As the piezoelectricity 
generator, the BaTiO3 (US Research Nanomaterials, Inc., 99.9%, 300 nm, Tetragonal) 
is adopted due to its high output property whose d33 is reported to be 160 pC/N under 
room temperature.[35] PDMS base (SYLGARD® 184) and curing agent (crosslinker) 
are used as the polymer matrix for the soft piezoelectric nanocomposite. 
2.1.2 Controlled environmental conditions 
 
The experiment is conducted under the room temperature at 22 ֯C. No specific 
humidity is required while preparing and mixing chemicals. The dispersing of BaTiO3 
nanoparticles, silver nanowires and the evaporation of ethanol from PDMS are all 
conducted inside the fume hood with air ventilation. Overnight experiment is 
expected due to the long evaporation process with the heated magnetic stirring 
process. All the glass beakers are prewashed and rinsed, and isopropanol is 




2.2 Fabrication process 
 
To ensure the functionality of fabricated sample, simple calculation of the amount 
of each chemical has been performed. The majority portion of weight is contributed 
by the PDMS base and curing agent. Based on the availability of beakers in the lab, 
the 50 mL size beaker with good condition and cleanliness is chosen to be the 
container of mixing process. Approximately 20 g of sample is expected due to the 
safety and capacity of beaker and unattended processes with the hotplate. The 
general mixing ratio of PDMS base and curing agent is 10:1 so that the amount of 
PDMS base is chosen to be around 18 g and curing agent is 1.8 g. Slight error occurred 
due to manual manipulation of pouring chemicals. With the need of enough 
piezoelectricity output, 1.8% of BaTiO3 in weight ratio is expected as discussed 
amount peer researchers. The amount of silver nanowires is calculated based on the 
percolation theory discussed in the next chapter. Thus, the amount of each chemicals 
is presented in the following fabrication process. 
A balance is used to weigh 0.36 g of BaTiO3 nanoparticles in the beaker and 
disperse with 25 g of ethanol. Then 2000 μL of silver nanowire suspension solution 
are extracted from the commercial bottle and dispense into the beaker by using the 
pipette dropper. 
The suspension is pre-mixed using a magnetic stirring plate inside the fume hood. 
The spinning speed is set to 230 rpm without heating. Once the stirring process starts 
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and stirring bar is stable, the BaTiO3 nanoparticles and silver nanowires are left for 
five hours until fully mixed and separated from chunks and clog.  
 
Fig 2.1 Mixing of silver nanowires and BaTiO3 nanoparticles 
After the five hours of mixing, on the balance, PDMS base is poured manually by 
an amount of 18.89 g into the mixing beaker and put it back onto the hotplate. The 
hot plate is set at 55 C and speed at 170 rpm. The process is set to continue overnight 
in order to let the ethanol completely evaporated form the composite mixture.  
After the ethanol is completely evaporated, the heat is turned off and the stirring 
bar is set to continue to stir at the previously set speed to let the composite cool down 
to room temperature for approximately 2 hours. The mixing beaker is brought back 
to the balance after cooling process and add 1.89 g curing agent and put back to the 
magnetic stirring hotplate and continue the stirring process for another 30 minutes. 
22 
 
After the curing agent is fully mixed with the liquid composite, the stirring bar is 
picked out of the mixing beaker and 2.2 g of liquid composite is poured into the petri 
dish. The petri dish is then put onto a well-leveled bench top and is curing at room 
temperature for at least three days. 
 
Fig 2.2 Liquid composite molding process 
After the composite is cured and molded, it will form an approximately 2 mm thin 
film with 8 cm diameter. In this process, the thickness of piezoelectric sample is 
dependent on the size of the petri dish while the amount of liquid nanocomposite is 
greater than 2.2 g threshold. If the amount is less than 2.2 g, it won’t spread out 




Fig 2.3 Fully cured piezoelectric nanocomposite 
The translucency of well cured sample can be confirmed with unaided eye 
examination with a light source. Compared with nanocomposites with CNT fillers, 
the transmissivity of light of silver nanowires incorporated nanocomposite is better. 
Further experiment to accurately measure the level of translucency is expected in the 
future work. 
2.3 Key variables and conditions 
 
The first key condition during the process is to determine whether the ethanol is 
completely evaporated or not. Before adding the curing agent, one should be 
confirmative that the ethanol is fully evaporated by weighing the mixing beaker 
before and after the evaporation process. If the amount of mass lost is approximately 
25 g, which is the initial amount of ethanol added, it can be confirmed that the ethanol 
is completely evaporated. Another key factor that significantly affect the 
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homogeneousness of the piezoelectric composite is the cooling process after the 
evaporation of ethanol. If the curing agent is added right after the heated evaporation 
process, the curing time will be extremely shortened due to the cross-linking 
mechanism affected by temperature. In order to allow ample time for liquid composite 
spread out evenly inside the petri dish to form a thin film, curing process must 
proceed under room temperature.   
 
2.4 Chapter conclusion 
 
In this chapter, the full fabrication process is introduced step by step from 
chemical preparation to the final molding process. With the continuous stirring and 
ethanol evaporation process, the translucent piezoelectric nanocomposite is 
successfully made as expected. Critical steps are discussed, and key factors and 
conditions are also mentioned which can cause significant problem to the whole 
fabrication process. This chapter provide a detailed guide for other researchers to 












Chapter 3  
Test and Result discussion 
 
3.1 d33 test and piezoelectric output  
 
The d33 coefficient is one of the key constants to describe the piezoelectric behavior 
of a material. As mentioned in the Introduction, Fig 1.5 shows the logistic of d33 
coefficient. Based on the direction of force applied, the frequency method is introduced 
when the complete matrix of the material coefficients is needed. The analyzer can 
collect resonance frequencies of the material to depict the piezoelectric capability.[37] 
To measure the d33 coefficient of the fabricated composite sample, a customized 
set-up is introduced into the process. The shaker is not specifically designed to 
measure d33 coefficient, but it acts as an analyzer with readings of resonance 
frequencies. By applying certain settings, it can generate a sinusoidal wave with the 
adjustable amplitude loading force to measure the d33 output. The frequency is 




Fig 3.1 d33 measuring platform 
 
Fig 3.2 Shaker setup 
The user interface is pre-programmed LabVIEW software which is a system 
design platform with the application of data acquisition, instrument control and 




Fig 3.3 LabVIEW user interface 
To start the testing process, the piezoelectric composite film inside the petri dish 
is cut into a 1 cm by 3 cm rectangular-shaped piece. The piece is loaded onto the 
testing platform in Fig 3.1. To avoid random inconsistency of the piezoelectric 
composite, 3 pieces of samples are cut from one single molded composite film. 
 
Fig 3.4 Sample prepared for testing 
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The frequency of the d33 measurement is set to 10 Hz with a compression period 
of 0.5 hour. The loading condition is designed with two group of loading force which 
are 0~5 N and 2.5 N~7.5 N. The experiments are set to compare with commercially 
available PVDF which is of high d33 coefficient.  
Table 3. Loading test for d33 coefficient measurement 
Sample Loading Condition 
 Experiment 1 Experiment 2 
1 2.5 N~7.5 N 0~5 N 
2 2.5 N~7.5 N 0~5 N 
3 2.5 N~7.5 N 0~5 N 
 
After the data collection and processing, the d33 of each group was calculated and 
combined into one chart through Excel. From Fig 3.5 one can tell that has similar or 
even higher d33 coefficient and higher charges under same loading condition, 




Fig 3.5 d33 coefficient of all testing groups under 2.5 N~ 7.5 N loading condition 
The loading condition is 2.5 N~7.5N for Fig 3.5 due to the obtrusive results from 
the other loading condition. For the loading period of 0.5 hour, the piezoelectric 
composite sample 1 outperforms all other samples with the peak d33 measured 100 
pC/N. The other two piezoelectric composite samples and the commercial PVDF fall 
in the same range from 20 pC/N to 50 pC/N, which is average output under the same 
functional materials category. As the sample 1 started at its peak, it falls gradually 
down to approximately 70 pC/N throughout the entire period. A lot of factors might 
contribute to this type of behavior such as positioning and relaxation. Even at its 
lowest point, the piezoelectric output still at least 50% higher than either PVDF or 
the other composite samples. Despite its higher output, the standard deviation as 
shown in Table 4., of 3 piezoelectric composites is not as small as the PVDF test 





























Table 4. Standard deviation (STD) and average d33 values for each testing sample 
 PVDF 01 PVDF 02 Com 01 Com 02 Com 03 
Ave.d33(pC/N) 36.7 17.7 81.6 26.9 34.2 
STD (+/―) 2.7 0.3 8.9 0.6 4.0 
 
From Table 4, there are dramatic d33 coefficient difference between the 
nanocomposite samples. Compared to commercial PVDF, which has approximately 
20 pC/N, the largest difference between nanocomposite samples is 54.7 pC/N and the 
smallest difference is 7.3 pC/N. Such variance might indicate that there is still flaw 
in the fabrication process which causes the loss of uniformity. Further improvement 
of fabrication process is expected in the future work. 
 
Table 5. Average d33 comparison between piezo nanocomposite and PVDF 
Material Piezo nanocomposites PVDF 
Ave. d33 (pC/N) 47.6 27.2 
 
From Table 5, the average d33 coefficient of the piezoelectric nanocomposite is higher 


















Fig 3.7 Measurement data from a previous study by Jeong et al. showing the generated outputs from 























From Fig 3.6, the charge generated from piezoelectric composite (500 pC at its 
peak) is higher than that that from PVDF, which is in the range of 150 ~ 200 pC. 
After conversed the picocoulomb to nA, the performance of piezoelectric 
nanocomposite is relatively the same with the peak performance of Jeong et al. [20] 
fabricated a bulky hyper stretchable CNT incorporated piezoelectric composite (Fig 
3.7) with the stretchability of 200%.  
 
3.2 Percolation analysis of silver nanowire network 
 
To validate the functionality of the soft piezoelectric nanocomposite, a theoretical 
analysis of silver nanowire network incorporated within the composites has been 
carried out with the percolation theory.[28]  
For a given volume of the nanowire solution (V ), with a concentration of C (0.779 
g/mL), the number of nanowires can be calculated by the equation 
𝑁𝑜. 𝑜𝑓 𝑠𝑖𝑙𝑣𝑒𝑟 𝑛𝑎𝑛𝑜𝑤𝑖𝑟𝑒𝑠 =  
4𝐶𝑉
𝐷𝐴𝑔𝜋𝑑2𝐿
                            𝐸𝑞. (1)[28] 
where 𝐷𝐴𝑔 is the density of bulk silver (10.5 g/mL), d is the average diameter (135 
nm), and L is the average length (35 μm) of the Ag nanowire provided by the supplier. 
After molding, these nanowires were assumed evenly distributed inside the PDMS 
matrix on the petri dish of 87 mm diameter ( D ). Hence, the density of nanowires, N 
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can be calculated by dividing the number of nanowires by the area of the petri dish, 
and is given by 
𝑁 =  
4𝐶𝑉
𝐷𝐴𝑔𝜋𝑑2𝐿
/𝜋𝐷2/4                                                     𝑒𝑞. (2)[28] 
Substituting the corresponding values in the above equation gives N = 
0.24364V•μm−2 for a given volume (V ) of the nanowire solution used. According to 
the standard percolation theory, the density dependence of conductivity is given by 
       𝜎 ∝ (𝑁 −  𝑁𝐶)
𝛼                                                          𝑒𝑞. (3)[28] 
where σ is the conductivity in three dimensions, or sheet conductance in two 
dimensions, NC is the critical nanowire density required for the onset of conduction 
in a random network, and α is a critical exponent which depends on the 
dimensionality of the space involved. The theoretical values of α are 1.33 for a 2-D 
percolation network and 1.94 for a 3-D percolation network.[29]  
For a 2-D network, the sheet resistance (𝑅sh) is given by 𝑅sh = 1/sheet conductance, 
and the relation between 𝑅sh and volume (V ) of the nanowire solution can be obtained 
using equation as follows 
    𝑅𝑠ℎ  ∝ (𝑉 −  𝑉𝑐)
−𝛼                                                        𝑒𝑞. (4)[28] 
Fig 3.8 shows the variation of sheet resistance with the volume of nanowire 
solution used and the solid line represent the fitted curve obtained using equation 
above. In order to obtain the fitting curve, the value of Vc as 0.20 mL was taken as 




Fig 3.8 Plot of sheet resistance versus volume of Ag nanowire solution; reproduced with permission 
from [28] © 2010 Springer 
Based on calculations performed above, one is able to speculate that with the use 
of 2000 L in total, which is 0.33 mL per sample, of silver nanowires solution, it is 
sufficient to create conductive random network within the fabricated soft 
piezoelectric nanocomposite. 
 
3.4 Chapter conclusion 
 
In this chapter, the piezoelectric output test was introduced and explained step by 
step. The result shows the outperformance of silver nanowire incorporated soft 
piezoelectric nanocomposite. A comparison was made with similar composite material. 
An analysis of the percolation of silver nanowires was conducted through mathematic 
models and validation of functionality was testified. The application of soft 
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In this essay, the synthesis and measurements of silver nanowire-based 
piezoelectric composites are introduced for improvement of transparency while 
maintaining high piezoelectric output. The fabrication process of soft piezoelectric 
nanocomposite was explained step by step. Testing method and results are reported. 
The fabricated nanocomposites showed promising results with higher d33 
piezoelectric coefficients, which averages 47.60, than commercial piezoelectric 
polymer PVDF, which averages 27.19. Moreover, compared with other piezoelectric 
composites, the synthesized materials showed enhanced light transmission, making 




4.2 Future work 
 
To increase the consistency of piezoelectric output, the fabrication process still 
needs to be modified. Iteration of controlled variable experiment need to be carried 
out to leave out detrimental factors, such as cooling of liquid composite and 
evaporation calculation, that decrease the performance capability of piezoelectric 
composite. Improvements of fabrication process need to be done in order to provide 
consistency of sample piezoelectric output. Further discussion of mixing ratio of the 
chemicals also needs to be carried out. The transmissivity of the composite has not 
been tested qualitatively and quantitively by certain method such as a transmittance 
meter. Further proof of better performance needs to be collected through comparison 
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